Introduction {#s1}
============

Acyclovir (ACV), an antiviral drug, is a purine nucleoside analog, used against viruses of the herpes group (Nair et al., [@B43]). Currently it is available in the market as topical ointment, as capsules in the strength of 200 mg and as tablets in strength of 200 mg, 400 mg and 800 mg (Kubbinga et al., [@B28]). The mean plasma half-life of the drug is 3 h (Naik and Raval, [@B42]). In conventional drug delivery system, administration of ACV is required five times a day which results in undesirable side effects associated with high dose (Gandhi et al., [@B18]). Furthermore, the present marketed formulations are related to variety of disadvantages after oral administration (Naik et al., [@B41]). The adsorption of ACV from gastrointestinal tract is carrier mediated, so elevation of dose of ACV has caused saturation of carrier system, dose related side effects and reduced bioavailability (Malik et al., [@B35],[@B36]). All above short comings associated with marketed products have placed the need of different approaches like polymeric drugdelivery system.

Polymeric drug delivery systems such as hydrogels have presented one of the most compelling areas of research and remarkable scope for researchers in drug delivery system. Among several approaches in the design and development of polymeric drug delivery systems, a pH responsive hydrogel for controlled release of ACV is desirable. As ACV undergoes absorption from small intestine, a pH responsive hydrogel could contribute to improve absorption and enhance bioavailability of the ACV by demonstrating pH dependent swelling dynamics and drug release behavior (Luengo et al., [@B32]; Zhang et al., [@B58]).

Hydrogels have been classified as three-dimensional insoluble hydrophilic polymeric networks (Hoffman, [@B22]). They can absorb huge quantity of aqueous solution, thus causing them to swell. The swelling behavior of hydrogel is due to presence of hydrophilic groups whereas mechanical strength is due to physical or chemical network cross-linking. Hydrogels have a tendency to become rubbery soft and exhibit excellent resemblance with living tissues when they are in swollen state (Caló and Khutoryanskiy, [@B11]). However, conventional hydrogels are usually associated with inherent critical limitations in morphology and properties e.g., morphological inhomogeneity, weak mechanical strength, limited swelling at equilibrium and poor response to stimuli (Hamidi et al., [@B21]). Hence, an elegant strategy to overcome these inherent drawbacks and to impart desired features and characteristics on to hydrogels is to fabricate hydrogels by utilizing novel characteristics and combined properties of two different biodegradable and biocompatible polymers which possess essential abilities for chemical modification (Annabi et al., [@B3]).

In particular, hydrogels prepared in this way are considered as promising candidates for controlled release of encapsulated products in drug delivery systems. Moreover, these hydrogels possess an added advantage of tuneable physical properties, good mechanical strength, desirable swelling dynamics, enzymatic resistance, non-toxicity, and preservation of polymers biocompatible characteristics (Li and Mooney, [@B30]).

Chitosan (CS) has been the subject of increasing interest since the last few years as a polymeric carrier for drug delivery systems due to its biocompatibility, biodegradability and non-toxic nature (Van Vlierberghe et al., [@B54]). It is a copolymer of glucosamine and N-acetylglucosamine connected by (1--4) linkage (Bhattarai et al., [@B10]). It is regarded as one of the most widely used biomaterials and only unique polymer with cationic character which enables its binding to negatively charged materials such as anionic polymers, nucleic acids and enzymes (Bernkop-Schnürch and Dünnhaupt, [@B9]). It can be used efficiently to synthesize hydrogels with favorable physicochemical properties by utilizing its --NH2 and --OH functional groups for graft polymerization reaction (Berger et al., [@B8]; Elgadir et al., [@B15]).

Xanthan gum (XG) is an anionic, extracellular polysaccharide secreted by the microorganism Xanthomonas campestris. An anionic character is due to presence of both glucuronic acid and pyruvic acid groups in the side chain (Petri, [@B45]). It has attained considerable attention as one of the most successful hydrocolloids due to its high functionality, predominantly in critical environments such as acid, high salt and high shear stress (Kang et al., [@B25]). Besides, it offers a potential utility as drug carrier due to its ability to conjugate with other polymers, proteins, peptides and non-peptides where these conjugates exhibit stability toward degrading enzymes, inertness, biocompability, and efficient solubility. XG affinity for water enhances the solubility of drugs or carriers which are hydrophobic in nature (Benny et al., [@B7]; Kumar et al., [@B29]). Moreover, relatively small amount of xanthan gum can be used to retard *in vitro* drug release and provide zero-order release kinetics (Shalviri et al., [@B49]).

2-Acrylamido-2-methylpropanesulfonic acid (AMPS) is a hydrophilic monomer with both ionic and non-ionic moieties (Kabiri et al., [@B23]). This amide monomer demonstrates strong resistance to salts and better stability against hydrolysis due to the presence of sulfonic functional group in its structure (Mahmood et al., [@B34]). When AMPS is cross-linked with natural polymers, this ionizable sulfonate groups in AMPS imparts characteristic pH-sensitive behavior to the developed polymeric network (Sohail et al., [@B51]).

This work aimed at establishing a novel approach for the synthesis of pH dependent hydrogel for ACV through non-covalent grafting of AMPS on to polymeric network of XG and CS. Crosslinking and ionic interactions between the amino groups of chitosan and carboxyl groups of xanthan gum was carried out to develop hydrogels. Graft copolymerization of monomer AMPS was done on to CS-XG backbone utilizing sulfonate group of AMPS. CS, a cationic polymer, is chosen as polymeric carrier due to its biocompatibility, biodegradability and non-toxic nature. XG, an anionic hydrophilic polymer enhances the solubility of drugs or carriers which are hydrophobic in nature. Moreover, monomer AMPS impart pH-sensitive swelling characteristics to the developed hydrogel. This enables the hydrogel to release ACV through specific targeting to the absorption site in small intestine and enhances bioavailability of drug.

Therefore, a new approach of conjugating a cationic polymer CS with anionic polymer XG has been reported in our study to obtain hydrogel with desired properties. By optimizing the formulation parameters and composition, xanthan--chitosan hydrogel with different crosslinking densities were prepared with desired mechanical strength, pH-sensitive swelling behavior and drug release properties of hydrogel network.

Materials and Methods {#s2}
=====================

Materials
---------

ACV was obtained from Brooks Pharmaceuticals (Pvt) Ltd. Karachi, Pakistan. The pure polymers xanthan gum (XG) and chitosan medium molecular weight, Mw 190--310 kDa, degree of deacetylation 75--85%, viscosity 200-800cP\] were purchased from Sigma-Aldrich (UK). Monomer 2-acrylamido-2-methylpropane sulfonic acid (AMPS) and cross linker N′ N′-methylene bis-acrylamide (MBA) were procured from Sigma-Aldrich (USA). Fluka (Denmark) supplied the analytical grade initiator potassium persulfate (KPS).

Synthesis of Hydrogel Formulations
----------------------------------

Hydrogels (FCX1-FCX9) with different content of chitosan (CS), xanthan gum (XG), 2-acrylamido-2-methylpropane sulfonic acid (AMPS), N′ N′-methylene bis-acrylamide (MBA) and potassium persulfate (KPS) were prepared by using free radical polymerization technique. First of all, a pre weighted amount of pure polymer, CS has been dissolved in 1% aqueous solution of acetic acid at 25°C. The dissolved oxygen has been removed from reaction mixture by purging nitrogen gas from it for 20 min. XG was dissolved in 25 mL of distilled water at 40°C. The two prepared polymer solutions were blended and stirred for 2 h at 250 rpm. This reaction mixture was later placed in a thermostatic water bath and temperature was increased up to 50°C. An initiator i.e. KPS was added with constant stirring to above reaction mixture to generate free radicals. On the other hand, monomer AMPS and crosslinking agent MBA were dissolved separately in distilled water at 25°C. After dissolving and homogenizing the mixture of AMPS and MBA, it was added to above prepared reaction mixture of polymers and initiator. Distilled water was used for adjustment of final volume. The final solution was stirred at 5,000 rpm for 6 h while maintaining the temperature of 65°C and inert atmosphere until clear, homogeneous solution was produced. The resulting solution mixture was transferred to dried glass test tubes and positioned in water bath for 12 h. After removal, prepared hydrogels were cut into uniform size i.e., 8 mm and then washing was carried out using ethanol water mixture (70:30) to eliminate species which are unreacted. A stable value of pH of washing solution indicated complete removal of unreacted components. The discs were further dried in lyophilizer −55°C till drying equilibrium. [Table 1](#T1){ref-type="table"} indicated hydrogels (FCX1-FCX9) developed using different concentration of reactants.

###### 

Hydrogels (FCX1-FCX9) using different concentration of reactants.

  **Sample code**   **Polymer**   **Monomer**   **Initiator**   **Crosslinking agent**   
  ----------------- ------------- ------------- --------------- ------------------------ -----
  FCX1              8             2             25              0.5                      0.6
  FCX2              8             2             35              2                        0.6
  FCX3              4             1             35              0.5                      0.6
  FCX4              8             2             35              0.5                      1.2
  FCX5              12            2             35              0.5                      0.6
  FCX6              8             3             35              1.5                      0.6
  FCX7              8             2             35              0.5                      0.6
  FCX8              8             2             15              0.5                      0.6
  FCX9              8             2             35              0.5                      1.8

Drug Loading
------------

Drug loading was carried out by immersing dried hydrogels in ACV 1% solution at 25°C. The drug solution of specific concentration was prepared using 0.2 M phosphate buffer solution, maintained at pH 7.4. Developed hydrogels were kept in ACV solution for drug loading until they attain constant weight. After removal from ACV solution, hydrogels were further subjected to freeze drying on lyophilizer.

Fourier Transform Infrared Spectroscopy (FTIR)
----------------------------------------------

For recording FTIR spectra of the reactants and ACV loaded hydrogels, crushing of samples were done using KBr at a pressure of 600 kg/cm^2^ to obtain desired pallets. A range between 4,000 and 600 cm^−1^ was selected for spectral scans by employing Bruker FTIR (Tensor 27 series, Bruker Corporation, Germany) instrument, using attenuated total reflectance (ATR) technology accompanying software OPUS data collection.

Scanning Electron Microscopy (SEM)
----------------------------------

Structural morphology of hydrogels was investigated using SEM images. Powdered samples were sputtered with gold and placed on aluminum stub. JEOL analytical scanning electron microscope (JSM-6490A, Tokyo Japan) was used to conduct scanning.

Thermal Analysis
----------------

Thermal analysis of polymers, monomer and the hydrogel sample were done on thermal analysis system (TA instrument Q2000 Series, West Sussex, UK). For conducting thermal analysis, samples were heated at the heating rate of 10°C /min with a flow rate of 20 mL/min up to 500°C in a nitrogen atmosphere.

Powder X-Ray Diffraction (PXRD) Analysis
----------------------------------------

Powder X-ray diffraction (PXRD) was used to investigate nature of the synthesized hydrogels. Samples were investigated using X-ray diffractometer (x-Pert, PAN analytical, The Netherlands). The angle of diffraction was varied from 10 to 50°.

Swelling Studies
----------------

For investigating swelling dynamics of developed hydrogel formulation, simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) were used as swelling media. Initially, the developed hydrogels were soaked in simulated media maintained at 37°C. After specified time period, hydrogels have been removed and blotted off cautiously to get rid of any liquid droplets adhered on the surface. Hydrogels in swollen state were weighed on an electronic measuring balance. They were then subject to drying until achievement of constant weight in a lyophilizer. The swelling index was calculated as mentioned in Equation (1).
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Where Ms indicates mass of swollen hydrogels at predetermined time interval and Md represents the weight of dried hydrogels.

Determination of Drug Entrapment Efficiency (DEE)
-------------------------------------------------

Estimation of drug entrapment efficiency was carried out by crushing ACV loaded hydrogels of known weights carefully in mortar and pestle. They were then soaked in 100 mL of phosphate buffer solution having pH 7.4 for 24 h. After that, sonication was carried out for 20 min to carry extraction of ACV. Further removal of polymeric debris was done by centrifugation at 300 rpm. Fresh solvent has been used to extract polymeric debris for any adhered drug. Analysis of clear supernatant solution was done for ACV by UV-Visible Spectrophotometer at λ max value of 256 nm. Estimation of drug entrapment efficiency of the developed hydrogels has been done by using following formula as mentioned in Equation (2).
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*In vitro* Drug Release Studies and Drug Release Kinetics
---------------------------------------------------------

*In-vitro* release study of ACV from different formulations of hydrogels was designed in simulated gastrointestinal (GIT) conditions to investigate drug release behavior in different parts of GIT. For this purpose, simulated gastric fluid (SGF, 0.1MHCl, pH 1.2), followed by the simulated intestinal fluid (SIF, 0.2 M potassium dihydrogen phosphate, pH 7.4) have been used. The experiment has been conducted using a USP dissolution apparatus II (Curio; DL-0609) coupled with six baskets. The speed of stirring was kept at 50 rpm. Sample was weighed and added in 900 mL of media, which was kept at 37°C. The ACV concentration was determined spectrophotometrically using UV--Visible Spectrophotometer at the λ max value of 256 nm. Release data for various developed hydrogels was evaluated by computing various kinetic models.

Oral Acute Toxicity Study of Hydrogel
-------------------------------------

On the basis of maximum drug entrapment efficiency and *in-vitro* cumulative drug release, one hydrogel formulation was chosen for safety evaluation via acute oral toxicity study. Toxicity study was performed according to the Organization for Economic Co-operation and Development (OECD) guidelines. Ten healthy adult albino rats of wistar strain (procured from Animal Facility Center of Faculty of Pharmacy and Alternative Medicine, The Islamia University of Bahawalpur, Pakistan) with weight ranged approximately 2.5 g ± 10 were used to conduct study. They were divided in to two groups, with each group having five animals. Acute oral toxicity was conducted using maximum tolerance dose method (MTD). Animals transient room (room temperature: 25 ± 2°C, relative humidity: 65 ± 5%, 12 h light/dark cycle) was used for housing animals. All rats were provided with water *ad libitum* and balanced diet. Group A was used as control and has been administered ACV in suspension form by adding ACV powder to normal saline. Group B was used as treatment group and has been given hydrogel powder dispersion (in deionized water) through oral gavage. Both control and treatment groups were given a total dose of 5 g/kg bodyweight of their respective formulation. Rats were monitored for general conditions (the activity, energy, hair, feces, behavior pattern and other clinical signs), change in body weight, morbidity and mortality. After 14 days, rats were sacrificed by cervical dislocation. Blood sample was collected and preserved in ethylene diamine tetra acetic acid (EDTA) tubes for hematology and biochemical blood analysis. Vital organs (heart, liver spleen, kidney, stomach, and lung) were removed and weighed. All organs were preserved in 10% buffered formaldehyde, embedded in paraffin, and then segmented. The paraffin segments were stained with haematoxylin-eosin for histopathologic-examination.

The experimental protocol used in this study was reviewed and approved by Pharmacy Research Ethics Committee (PREC) of The Islamia University of Bahawalpur, Pakistan (23-2016/PREC).

Statistical Analysis
--------------------

Results are indicated as Mean ± Standard error of mean (SEM). IBM SPSS Statistics 20 program was used for statistical analysis of acute oral toxicity study results. The difference between two groups was determined by one-way analysis of variance (ANOVA) with Tukey test. A value of *p* \< 0.05 was regarded statistically significant.

Results and Discussion {#s3}
======================

FTIR Spectroscopy
-----------------

FTIR spectra of ACV, XG, CS, AMPS and developed hydrogel are shown in [Figure 1](#F1){ref-type="fig"}. CS showed absorption band at 3,358 cm^−1^ represented overlapping of --OH and symmetric N--H stretching vibrations. The bands observed at 1,644, 1,605, and 1,375 cm^−1^ are due to carbonyl stretching vibration (amide-I), N--H stretching vibration (amide-II) and the C--N stretching vibration (amide-III) of pure chitosan, respectively. Another characteristic band at 1,028 cm^−1^ indicated presence of C--O stretching vibration. The pure polymer, XG showed hydrogen bonded OH groups via absorption band at 3,277 cm-^1^. The COO^−^ groups was represented at 1,605 cm^−1^, whereas bands at 1,417 and 1,021 cm^−1^ represent C--H bending and O--H bending vibrations, respectively. AMPS revealed peaks at 2,987 cm^−1^ representing the C--H stretching frequency of CH~2~, while peaks around 1,666 and 1,613 cm^−1^ were due to C=O stretching and N--H~2~ bending, respectively. Symmetric and asymmetric --SO~2~ stretching bands were observed at 1,077 and 1,234 cm^−1^ respectively. In case of ACV, peaks at 3,438 and 3,178 cm^−1^ represented N--H and O--H stretching vibrations. Moreover, peaks at 2,688 and 1,707 cm^−1^ indicated presence of aliphatic C--H stretching vibrations and C=O stretching vibrations, respectively. Another prominent peak at 1,630 cm^−1^ was attributed due to N -- H bending.

![FTIR Spectra of ACV, AMPS, CS, XG and Hydrogel.](fchem-08-00050-g0001){#F1}

The FTIR spectrum of synthesized hydrogel exhibited some new peaks, with slight shifting, overlapping and disappearance of some of the characteristic peaks of pure components in polymeric network, which is an indication of formation of new hydrogel structure. Accordingly, 3,358, 1,644, 1,604, 1,375, and 1,028 cm^−1^ bands of CS, 3,277, 1,605, 1,417, and 1,021 cm^−1^ bands of XG, 2,987, 1,666, 1,613, 1,077, and 1,234 cm^−1^ bands of AMPS and 3,438, 3,178, 2,687, 1,707, and 1,630 cm^−1^ bands of ACV are shifted to 3,299 cm^−1^, 2,920, 1,647, 1,541, 1,173, and 1,019 cm^−1^ regions in developed polymeric network.

The stretching vibration of OH and NH~2~ at 3,358 and 3,277 cm^−1^ shifts to 3,299 cm^−1^ and becomes broad, indicating formation of polyelectrolyte complexes between chitosan and xanthan gum. A band observed at 2,920 cm^−1^ indicated shifting of sulfonic acid band from 2,987 cm^−1^, to new position, representing CH stretching frequency of CH~2~ in sulfonic acid. The asymmetric and symmetric bands of SO2 were shifted to new position of 1,173 and 1,019 cm^−1^ from 1,234 and 1,077 cm^−1^, respectively, representing sulfonic acid participation in hydrogel formulation. In addition, absorption band noted at 1,647 cm^−1^ was due to carbonyl functional group, representing shifting of carbonyl stretching of CS, XG, AMPS, and ACV to new position of 1,647 cm^−1^. The absorption bands at 1,644 and 1,605 cm^−1^ due to stretching of amide group of chitosan have been shifted to new position of 1,541 cm^−1^, thus indicating chitosan have participated in cross linking during hydrogel formation.

All of these shifting and overlapping has suggested non-covalent grafting of monomer onto polymeric network through intermolecular rearrangement, electrostatic interaction between components such as hydrogen bonding and alteration in positions of functional groups of CS, XG, AMPS, and ACV in the developed hydrogel structure (Ray et al., [@B48]; Yang et al., [@B56]). Hence formation of new grafted polymeric network and successful entrapment of model drug ACV into developed hydrogel structure is evident (Liu et al., [@B31]).

Thermal Analysis
----------------

[Figure 2](#F2){ref-type="fig"} shows the TGA thermogram of developed hydrogel and individual reactants representing loss of weight at different temperature ranges. The TGA thermogram of the pure polymer chitosan (CS) represents weight loss at two stages i.e., initially due to loss of bound water at about temperature 91°C and later 35%, representing decomposition of its major structure at temperature range of 317°C. At temperature range of 355°C, chitosan also shows a residue mass of about 17%. Moreover, during decomposition of chitosan glycosidic bonds are broken leading toward production of a series of lower fatty acids and further degradation. TGA curve of XG shows 10 and 74% mass loss at about 93 and 360°C, respectively. AMPS demonstrated two-step decomposition in temperature range of 206 and 262°C with 2 and 49% weight loss, respectively. In TGA thermogram of ACV initial moisture loss was indicated at 99°C. Loss of site chain from guanosine rings was indicated at 269°C. Residual guanosine mass which was further degraded at higher temperatures of 306°C. In developed hydrogel, the initial weight loss started at 89°C which sustained up to 341°C, representing 13 and 28% weight loss, respectively. Later decomposition phase began at 370°C and continued up to 427°C, representing 40.94 and 49% weight loss, respectively, owing to melting point temperature. The decomposition at 440°C representing 62% weight loss and final decomposition of cross-linked polymeric network. However, the mass of left-over hydrogel at this temperature is still about 38%. The thermal profile of hydrogels with elevated residual weight indicates that developed polymeric matrix represented enhanced stability against thermal degradation than reactants over the entire studied range of temperature. Moreover, due to enhanced strength and interaction between the polymer and monomer, degradation for developed hydrogel starts at elevated temperature with slower weight loss rate as compared to the individual reactants (Azmeera et al., [@B5]). This enhanced thermal stability with shifting of endothermic peaks to elevated temperature and formation of rigid network represents higher stability (Ma et al., [@B33]).

![TGA curve of ACV, AMPS, CS, XG, and Hydrogel.](fchem-08-00050-g0002){#F2}

[Figure 3](#F3){ref-type="fig"} shows the DSC thermogram of developed hydrogel and individual reactants. Model drug acyclovir showed a small band at 91°C and a sharp endothermic band at 270°C, representing an initial moisture loss followed by its melting point temperature. XG thermogram demonstrated two endothermic peaks at about 90 and 225°C, respectively. The DSC curve of AMPS represents a sharp endothermic peak at 230°C and a small peak at 342°C. CS decomposition occurs in the temperature range of 229--341°C with endothermic peaks representing degradation of its amino and N-acetyl residue. Shifting toward higher glass transition temperature of hydrogel formulation than parent components indicates higher compatibility between the individual components and formation of rigid network structure (Tummala et al., [@B53]), due to higher intermolecular hydrogen bonding (Gandhi et al., [@B18]). Thus, indicating higher thermal stability of developed polymeric network (Dey et al., [@B14]).

![DSC curve of ACV, AMPS, CS, XG, and Hydrogel.](fchem-08-00050-g0003){#F3}

Scanning Electron Microscopy (SEM)
----------------------------------

SEM micrographs confirmed porous structure of developed hydrogel as shown in [Figure 4](#F4){ref-type="fig"}. Porous structure might also be due to presence of ionic and hydrophilic group in developed polymeric network i.e., AMPS and XG (Khalid et al., [@B26]). Therefore, incorporating the hydrophilic component in the hydrogel structure have increased the system hydrophilicity and subsequently porosity of hydrogels (Malik et al., [@B36]). This porous architecture and connectivity of pores in developed hydrogel is highly beneficial and plays a crucial role in its swelling and deswelling kinetics. Moreover, solvent or buffer molecules could enter or leave the hydrogel through interconnected pores by convection, thereby facilitating the entrapment and ultimately release of incorporated ACV from them (Mukhopadhyay et al., [@B40]). It is obvious from [Table 2](#T2){ref-type="table"} that the most optimized hydrogel formulation FCX6 have exhibited entrapment efficiency of 90.64% and have released 87.57% of drug at pH 7.4, indicating high swelling rate and porous structure of developed polymeric network. Furthermore, freeze drying method might have contributed toward enhanced porosity of hydrogel as drying procedure had remarkable influence on preserving the porous structure of hydrogel (Kabiri and Zohuriaan-Mehr, [@B24]).

![SEM images of ACV loaded hydrogel **(A)** At 200 μm **(B)** At 100 μm.](fchem-08-00050-g0004){#F4}

###### 

Drug entrapment efficiency (%DEE) and percentage drug release at pH 1.2 and pH 7.4.

  -------------------------------------------------------------------------------------------------
  **Formulation code**   **Drug entrapment efficiency**\   **Percentage release of ACV**\   
                         **(%DEE)**                        **(for 24 h period)**            
  ---------------------- --------------------------------- -------------------------------- -------
  FCX1                   79.34                             30.25                            85.43

  FCX2                   80.65                             29.01                            88.22

  FCX3                   84.99                             36.45                            91.02

  FCX4                   78.43                             29.94                            83.57

  FCX5                   83.12                             35.52                            90.08

  FCX6                   87.64                             42.65                            96.49

  FCX7                   86.12                             39.25                            93.49

  FCX8                   76.83                             27.46                            82.64

  FCX9                   80.99                             32.04                            88.15
  -------------------------------------------------------------------------------------------------

Powder X-Ray Diffraction (PXRD) Analysis
----------------------------------------

The PXRD spectra recorded for (a) ACV (b) CS (c) XG (d) placebo hydrogel and (e) ACV-loaded hydrogels have been shown in [Figure 5](#F5){ref-type="fig"}. The sharp and intense peaks at 2 θ = 18.50°, 21.50° and 30.50° are characteristic of ACV and indicated highly crystalline nature of drug. Owing to the hydrogen bonding between hydroxyl group of chitosan, PXRD analysis of polymer revealed a crystalline structure representing a strong diffraction peak at around 13.06° and at 17.56°, respectively. XG was characterized by the presence of two prominent peaks visible at 2 θ = 21.5° and 28.5°. However, in PXRD analysis of drug unloaded hydrogel, the sharp, and characteristic peaks of pure component were substituted by dense peaks, representing decrease in crystallinity. This decrease in crystallinity of developed hydrogel might be due to conjugation of monomer AMPS with pure polymer chitosan utilizing cross linker MBA and KPS, thus representing increase in fraction of amorphous phase. Moreover, the PXRD analysis of ACV loaded hydrogel disc also indicated lack of characteristic or prominent peaks of drug into polymeric matrix. The analogy in diffractogram of both ACV unloaded and ACV loaded hydrogel discs representing dispersion of drug in amorphous form into polymeric network (Stulzer et al., [@B52]).

![PXRD pattern of **(A)** ACV, **(B)** CS, **(C)** XG, **(D)** ACV unloaded Hydrogel, and **(E)** ACV loaded Hydrogel.](fchem-08-00050-g0005){#F5}

Swelling Dynamics
-----------------

### Effect of pH on Swelling Behavior

It can be assumed that swelling behavior of developed hydrogels depends upon the presence of functional groups that could be ionized or protonated, hydrophilic-hydrophobic interactions and relaxation of polymeric chain. It was found that developed hydrogels showed high swelling dynamics at pH 7.4 but swelling degree was less at pH 1.2. This behavior might be due to protonation of functional group of CS and AMPS at pH 1.2 and deprotonation at pH 7.4.

An AMPS is a hydrophilic monomer and has both ionic and non-ionic moieties. When AMPS is grafted on CS-XG backbone, the ionizable sulfonate groups in AMPS impart pH dependent behavior to the developed polymeric network. The pKa value of monomer AMPS is 2. Sulfonate groups of monomer AMPS undergo ionization or deprotonation at pH value of 7.4, which is higher than the pKa value of AMPS. Presence of ionized sulphonate groups increases charge density on polymeric network, thus creating strong electrostatic repulsion among its ionized --SO3-- groups and producing greater expansion of the polymeric network (El-Hag Ali, [@B16]). This leads toward reduction or loss of intermolecular hydrogen bonding and consequently increasing the swelling dynamics of synthesized hydrogel structure (Bao et al., [@B6]).

At pH 1.2, which is lower than the pKa value of monomer, the sulfonate anions are protonated and associated, therefore provide strength to the hydrogen-bonding and producing strong physical interaction among hydrogel. All these factors have led toward additional strength, physical crosslinking and decrement in swelling dynamics of developed hydrogel. Thus, a significant decrease in swelling ratio has been observed with decrease in pH (Atta, [@B4]; Khalid et al., [@B26]).

CS is a weak polyelectrolyte with a pKa around 6.5. The primary NH~2~ group of the polymer CS undergoes protonation at pH 1.2 and deprotonation at pH 7.4, respectively. At pH 1.2, the primary amino groups of the polymer are protonated by hydrogen ions to form $\text{NH}_{3}^{+}$ groups. However, due to crosslinking of chitosan within polymeric network, number of free NH2 groups in polymeric network has been decreased significantly. Also, at very acidic conditions (pH 1.2), a screening effect of the counter ions, i.e., Cl--, shields the charge of ammonium cations, thus prevents an efficient repulsion between them. Moreover, available $\text{NH}_{3}^{+}$ groups allow chitosan to form networks through ionic links with the sulfonate groups of the AMPS, thus swelling capacity decreases.

At pH 7.4, the sulfonate groups of AMPS are ionized, while the chitosan $\text{NH}_{3}^{+}$ groups change back to NH~2~ groups. Under these conditions, chitosan does not form ionic links, leading to decrease cross-linking density and increase in swelling capacity of hydrogel formulation as shown in [Figures 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"} (Martinez-Ruvalcaba et al., [@B39]).

![Mean swelling index of hydrogels (FCX1 to FCX9) at pH 1.2 and pH 7.4. **(A)** Swelling index of hydrogels formulations FCX at pH 1.2. **(B)** Swelling index of hydrogels formulations at pH 7.4. **(C)** Mean swelling index of hydrogels (FCX1--FCX9) at pH 1.2 and pH 7.4.](fchem-08-00050-g0006){#F6}

![Swollen hydrogel at pH 1.2 and pH 7.4.](fchem-08-00050-g0007){#F7}

### Effect of Different Components of Hydrogels on Swelling

The effect of different concentration of reactants i.e., CS, XG, AMPS, KPS, and MBA on swelling behavior of synthesized hydrogels have been evaluated at pH 1.2 and 7.4 at temperature 37°C as shown in [Figure 8](#F8){ref-type="fig"}.

![Effect of different concentration of CS, XG, AMPS, KPS, and MBA on swelling index of hydrogels.](fchem-08-00050-g0008){#F8}

Swelling of hydrogel increased on increasing concentration of CS from 4 to 8 g but decreased on further increase of CS concentration from 8 to 12 g. CS possess polyelectrolyte nature due to the presence of hydroxyl --OH and amine --NH2 polar functional groups, thus inducing an increase in translational entropy of counter ions and elevated osmotic pressure and swelling dynamics. Hence, the presence of this pure polymer in the hydrogel network increases swelling ratio of the developed hydrogel. Upon further increase of polymer concentration from 8 to 12 g, reaction mixture got highly viscous and steric effect of CS outweighs ionic effect of ionic groups of the polymer, resulting in restricted movement of water molecules, leading to a lower swelling ratio. Thus, it can be assumed from results that optimum level concentration of CS that can enhance swelling behavior is 8 g. Beyond this concentration, swelling ratio decreases (Mandal and Ray, [@B38]).

The effect of XG concentration on the swelling behavior of the hydrogels has been shown in [Figure 8](#F8){ref-type="fig"}. Swelling of hydrogel increased on increasing concentration of XG from 1 to 3 g. Hydrogels having XG 3 g exhibited highest swelling ratio in comparison to formulations with lesser concentration of XG i.e., 1 and 2 g, respectively. This might be attributed to hydrophilic nature of XG and due to the presence of o-acetyl and pyruvyl residues in XG, which can be completely deprotonated at pH \> 6. This deprotonation at pH \> 6 led to increased charge density, greater electrostatic repulsion, greater expansion of network and increased swelling of hydrogel.

The effect of monomer concentration on the swelling capacity of the hydrogel has been investigated by varying the AMPS concentration from 15 to 35 g, respectively. It has been observed that as AMPS concentration increases from 15 to 35 g, swelling index of hydrogel increases sharply. AMPS being a hydrophilic monomer have both ionic and non-ionic groups. As the number of ionizable sulfonate groups in AMPS increases, the concentration gradient of the counter ions across the polymeric network increases. Thus, causing an increase in osmotic pressure executed by counter ions of AMPS and increase in swelling index of developed polymeric network (Qudah et al., [@B47]). Moreover, enhanced water absorbency has been noted on increasing monomer concentration because it increases the diffusion of AMPS across pure polymer chitosan backbone (Gad, [@B17]). Hence, it can be said that increasing concentration from 15 to 35 g is optimal for achieving higher swelling ratio in our developed polymeric network.

The effect of initiator concentration on the swelling behavior of the hydrogels has been shown in [Figure 8](#F8){ref-type="fig"}. On increasing KPS concentration from 0.5 to 1.5 g, swelling index increases. However, with a further increase in the amount of KPS up to 2 g there is considerable decrease in swelling behavior of hydrogels. In fact initially number of active radicals increased upon increasing KPS amount up to optimal value. These active radicals have tendency to improve the growth of polymer chain and form a 3-dimensional network by process of chain transfer reaction. Thus, increasing concentration of initiator from 0.5 to 1.5 g has produced more free radicals that have enhanced the non-covalent grafting efficiency, leading to enhanced swelling behavior. However, on increasing KPS concentration from 1.5 to 2 g, this high concentration of initiator has produced large number of free radicals. These free radicals have increased the collision probability among them, thus leading to the termination of the chain reaction. The generated short graft chains could not have a tendency to form a 3D polymeric network easily, thus decreasing swelling index (Cheng et al., [@B13]). Thus, it has been observed that optimum KPS concentration in this study was 1.5 g.

The influence of crosslinker MBA content on the swelling index of hydrogel has also been noted by varying the crosslinker concentration from 0.6 to 1.8 g. Higher value of swelling index was achieved with lower MBA content of 0.6 g, compared to 1.2 and 1.8 g respectively. A possible explanation of reduced swelling index on increasing MBA concentration is related to crosslinking density. Higher crosslinker concentration decreases the free space among the polymeric networks, therefore producing compact and rigid framework that cannot be relaxed to sustain huge quantity of water molecules or buffer solution in which hydrogels are immersed (Kim et al., [@B27]). Therefore, it can be concluded that increasing crosslinker concentration from 0.6 to 1.2 g and later from 1.2 to 1.8 g has resulted an increase in crosslink density.

An increase in the crosslinking density restricts the degree of swelling due to decreased chain mobility and reduces the pH sensitivity by improving the stability of the network.

Drug Entrapment Efficiency (%DEE) and Drug Release Behavior
-----------------------------------------------------------

[Table 2](#T2){ref-type="table"} shows the drug entrapment efficiency (%DEE) and drug release behavior of developed hydrogels at both pH 1.2 and 7.4, respectively. Hydrogel FCX6 exhibited maximum DEE of 90.64% whereas FCX8 exhibited minimum DEE of 76.83%. It has been observed that drug entrapment efficiency in the hydrogels increases with the increase of loading time, until the amount of drug loaded reached equilibrium. %DEE increases when loading time has been increased from 2 to 3 h. However, after 3 h, capacity of hydrogel to load the drug became constant and attained equilibrium. Thus, no further increase in drug entrapment efficiency has been observed after 3 h. Therefore, for loading of ACV into the developed polymeric network, 3 h was established as the standard loading time in our study.

A decrease in amount of drug loaded in hydrogels has been observed with increasing concentration of cross-linking agent MBA. The possible reason might be due to higher cross-linking density which ultimately decreases the elasticity of polymeric structure, therefore restricting the movement of ACV from drug solution into developed hydrogel structure, leading to decrease in drug entrapment efficiency (Wang et al., [@B55]).

\% DEE has also been increased with increasing concentration of CS used in reaction mixture from 4 to 8% and XG from 1 to 3 % respectively. Possible reasons might be enhance availability of polymer leading to improved ability of hydrogel to capture more drug molecule, thus improving drug entrapment efficiency. On increase in CS ratio from 8 to 12 %, a decrease in drug entrapment efficiency has been indicated. CS might have caused an increase in the viscosity of internal phase which showed hindrance to mass transfer and promoting decrease in % DEE. Thus, the optimal concentration of CS and XG for enhanced entrapment efficiency was 8 and 3% respectively.

*In vitro* drug release behavior was observed for a period of 24 h in SGF and SIF media. All formulations have shown very less drug release at pH 1.2 but it increased significantly as pH of dissolution medium increased to pH 7.4 as shown in [Figure 9](#F9){ref-type="fig"}. Drug release rate has been found to be dependent on %DEE. Hydrogel formulations with lower %DEE have shown lower release of ACV as compared to those having enhanced %DEE. The possible reason might be that by residing or engaging free space of the hydrogel in swollen state, the drug in the polymeric network behaves as a plasticizer, thereby increasing the flexibility of the polymeric network and producing more spacious path for diffusion of media across it and ultimately release of ACV (Agnihotri and Aminabhavi, [@B1]).

![Mean cumulative drug releases of hydrogels (FCX1 to FCX9) at pH 1.2 and pH 7.4. **(A)** Cumulative drug release of hydrogels (FCX1--FCX9) at pH 1.2. **(B)** Cumulative drug release of hydrogels (FCX1--FCX9) at pH 7.4. **(C)** Mean cumulative drug release of hydrogels (FCX1--FCX9) at pH 1.2 and pH 7.4.](fchem-08-00050-g0009){#F9}

The kinetics of ACV release from various hydrogel formulations was done using Linear regression analysis as shown in [Table 3](#T3){ref-type="table"}. It has been observed that Korsmeyer-Peppas model was found to best fit to our results, thus indicating that drug release from ACV loaded hydrogel formulation followed controlled-release pattern.

###### 

Determination of regression coefficient *R*^2^ and release exponent "*n*" from developed hydrogels.

  **Sample code**         **Zero order kinetics**   **First order kinetics**   **Higuchi model**   **Korsmeyer Peppas model**   **Weibull model**   
  ----------------- ----- ------------------------- -------------------------- ------------------- ---------------------------- ------------------- -------
  FCX1              1.2   0.991                     0.457                      0.974               0.996                        0.604               0.932
                    7.4   0.99                      0.313                      0.969               0.995                        0.472               0.941
  FCX2              1.2   0.98                      0.422                      0.979               0.994                        0.528               0.926
                    7.4   0.993                     0.32                       0.971               0.997                        0.493               0.944
  FCX3              1.2   0.98                      0.493                      0.979               0.991                        0.462               0.889
                    7.4   0.977                     0.344                      0.97                0.997                        0.544               0.912
  FCX 4             1.2   0.964                     0.45                       0.988               0.994                        0.447               0.881
                    7.4   0.98                      0.326                      0.966               0.998                        0.443               0.926
  FCX5              1.2   0.992                     0.467                      0.966               0.994                        0.605               0.928
                    7.4   0.98                      0.341                      0.967               0.993                        0.581               0.909
  FCX6              1.2   0.998                     0.534                      0.957               0.99                         0.726               0.932
                    7.4   0.99                      0.355                      0.964               0.999                        0.575               0.932
  FCX7              1.2   0.997                     0.527                      0.957               0.995                        0.657               0.931
                    7.4   0.993                     0.334                      0.964               0.995                        0.526               0.943
  FCX8              1.2   0.95                      0.422                      0.989               0.993                        0.367               0.862
                    7.4   0.962                     0.325                      0.972               0.992                        0.43                0.894
  FCX9              1.2   0.993                     0.467                      0.961               0.995                        0.619               0.943
                    7.4   0.996                     0.322                      0.961               0.991                        0.519               0.956

In addition, zero order and Higuchi were found to be closer to Korsmeyer-Peppas model. The release mechanism of ACV from developed hydrogels may be Fickian diffusion when the value of n is 0.43 or less, anomalous (non-Fickian) transport when the value of n lies between 0.43 and 0.85, and case II transport when *n* = 0.85. The value above 0.85 indicates super case II transport that relates to polymer relaxation during swelling (Siepmann and Peppas, [@B50]).

The value of n has been calculated and given in [Table 3](#T3){ref-type="table"} along with correlation coefficients. The values of n were confined between 0.43 and 0.85 for all developed hydrogels except FCX8 at both pH 1.2 and 7.4, respectively. Thus, indicating that ACV released from developed polymeric network followed non-Fickian transport. However, for FCX8 the values of n ranged between 0.367 and 0.430, indicating deviation of ACV release from non-Fickian mechanism to Fickian diffusion.

Acute Oral Toxicity Study
-------------------------

Owing to maximum drug entrapment efficiency and *in-vitro* cumulative drug release, FCX6 hydrogel formulation was chosen for acute oral toxicity study. Group A was used as control and group B was used as treatment group. At the given dose of 5 g /kg body weight, no toxic effects were observed in treatment group B and no mortality was found during 14-days of acute oral toxicity study similar to control group A (Ahmad et al., [@B2]).

[Table 4](#T4){ref-type="table"} demonstrates the impact of oral administration of hydrogel on body weight, food and water utilization, behavior pattern and toxicity associated symptoms in both control group A and treatment group B. Treated group animals displayed normal behavior pattern similar to the control group. Animals were sensitive to sound, light and other stimulations. They had no salivation or vomiting, no lacrimation of eyes or running nose, no dryness of mouth or oedema. Animal feces were in regular form, free of mucus, pus or blood (Mukhopadhyay et al., [@B40]). The eating behavior of treatment group B was normal and they also gained weight similar to the control group A (Yuan et al., [@B57]).

###### 

Clinical observation of control and hydrogel treated rats for acute oral toxicity study.

  **Observation**                    **Group A**   **Group B**
  ---------------------------------- ------------- -------------
  **Body weight (g)**                              
  Pre--treatment                     205 ± 0.86    207 ± 1.06
  Day 1                              210 ± 1.52    212 ± 1.30
  Day 7                              215 ± 1.93    218 ± 2.06
  Day 14                             225 ± 2.13    226 ± 1.80
  **Water Intake (mL/animal/day)**                 
  Pre--treatment                     30 ± 1.40     28 ± 1.61
  Day 1                              28 ± 1.35     30 ± 1.35
  Day 7                              39 ± 1.36     40 ± 1.25
  Day 14                             41 ± 1.11     39 ± 1.24
  **Food Intake (g/animal/day)**                   
  Pre--treatment                     13 ± 1.65     16 ± 0.96
  Day 1                              15 ± 1.24     14 ± 0.80
  Day 7                              17 ± 1.35     16 ± 0.50
  Day 14                             19 ± 1.53     19 ± 0.38
  **Signs of illness**               --            --
  **Dermal toxicity**                --            --
  Dermal irritation                                
  **Ocular toxicity**                --            --
  Eye Irritation                                   
  Lacrimation                        --            --
  Salivation                         --            --
  Convulsions                        --            --
  Hyperactivity                      --            --
  Touch response                     \+            \+
  Corneal reflex                     \+            \+
  Righting reflex                    \+            \+
  Gripping strength                  \+            \+
  Alertness                          \+            \+
  Mortality                          --            --

*Results are expressed as Mean ± SEM of 5 rats in each group. Group A-Control, Group B -FCX6 hydrogel. Both at a dose of 5g/kg bodyweight. -Sign indicates lack or absence of specified observation. + Sign indicates presence of specified observations. All values have p\>0.05, indicating statistically insignificant results*.

[Table 5](#T5){ref-type="table"} indicates hematology parameters of control group A and treatment group B. It is obvious from [Table 5](#T5){ref-type="table"} that all hematology parameters of treatment group B are in the standard reference range, similar to the control group A, indicating that the developed hydrogels are likely to be non-toxic (Patel et al., [@B44]; Gong et al., [@B20]). Histopathological investigation of different vital organs i.e., heart, liver, stomach, lungs, spleen and kidney of control groups A and treatment group B are indicated in [Figure 10](#F10){ref-type="fig"}. Lack of variation in histopathological investigation of vital organs of treatment group B from control group A indicates that administration of the hydrogels had no formulation related toxic effect on group B. The pericardium, myocardium, and endocardium of treatment group B were in normal shape and cardiac muscles were devoid of any hypertrophy (Gong et al., [@B19]). The mucosal lining of the stomach was normal with no signs of ulcer. The lungs showed no signs of thickening of blood vessels walls around the bronchus, no alveolar or bronchial damage, representing normal physiology. Size and shape of the kidney were normal. Liver lobules of treatment group B were present with clear dividing lines, similar to control group A. Spleen sinus was absolutely normal in both groups, without any evidence of toxicity (Chen et al., [@B12]; Pokharkar et al., [@B46]). Conclusively, no gross difference in histopathological observation was found between the control and treatment groups similar to hematological and biochemical biomarkers, attributed to normal functioning of vital organs. Hence, a dose level up to 5 g/kg body weight of developed hydrogel was well tolerated for the 14th-day study period, indicating developed hydrogels are non-toxic (Malonne et al., [@B37]).

###### 

Biochemical parameters of control and hydrogel treated rats for acute oral toxicity study.

  **Biochemical blood analysis**                                  
  ----------------------------------- ----------- --------------- ---------------
  Hemoglobin                          g/dL        14.44 ± 2.52    14.23 ± 2.97
  Haematocrit                         \%          43.43 ± 0.12    43.56 ± 0.23
  Red blood cells                     10^6/^μL    8.61 ± 0.05     8.59 ± 0.04
  Platelets                           10^3/^μL    990 ± 2.95      987 ± 2.86
  White blood cells                   10^3/^μL    4.2 ± 0.14      4.5 ± 0.37
  Monocytes                           \%          2.19 ± 0.02     2.09 ± 0.06
  Neutrophils                         \%          27.0 ± 0.12     26.5 ± 0.08
  Lymphocytes                         \%          75.0 ± 0.15     75.6 ± 0.06
  MCV                                 fL(μm^3^)   54.5 ± 0.23     54.6 ± 0.21
  MCH                                 pg          17.8 ± 0.03     17.9 ± 0.01
  MCHC                                g/dL        33.4 ± 0.21     33.1 ± 0.31
  **Serum biochemistry parameters**                               
  Triglyceride                        mg/dL       72.73 ± 0.16    72.56 ± 0.09
  Cholesterol                         mg/dL       59.60 ± 0.07    59.67 ± 0.06
  Glucose                             mg/dL       110.51 ± 0.02   110.61 ± 0.05
  Creatinine                          mg/dL       0.66 ± 0.01     0.68 ± 0.008
  Urea                                mg/dL       15.63 ± 0.14    15.68 ± 0.13
  Alkaline Phosphatase (ALP)          U/L         119.59 ± 0.09   121.65 ± 0.09
  Aspartate Transaminase (AST)        U/L         107.49 ± 0.14   108.74 ± 0.07
  Alanine Aminotransferase (ALT)      U/L         30.74 ± 0.08    29.64 ± 0.12
  Creatinine Kinase (CK)              U/L         618.66 ± 0.16   621.55 ± 0.16

*Results are expressed as Mean ± SEM of 5 rats in each group. Group A-Control, Group B-FCX6 hydrogel. Both at a dose of 5g/kg bodyweight. All values have p\>0.05, indicating statistically insignificant results*.

![Histopathological observations of tissues from organs of group A and group B including Heart, Liver, Spleen, Stomach, Lung, Kidney used in acute oral toxicity study.](fchem-08-00050-g0010){#F10}

Conclusion {#s4}
==========

Cross-linked polymeric network of CS and XG with AMPS were prepared by free radical polymerization method. FTIR confirmed successful formation of hydrogel polymeric network. SEM images indicated formation of porous structure. Swelling dynamics was found to be very low when the developed hydrogels were placed into simulated gastric fluid but increased significantly when placed in simulated intestinal fluid. The entrapment efficiency of ACV was found to be dependent upon loading time, drug to polymer ratio and concentration of cross linker used whereas the drug release behavior was influenced by drug to polymer ratio and entrapment efficiency of polymeric network. Considering the biocompatibility, pH dependent swelling and drug release behavior, ACV loaded hydrogel formulation could be considered as a promising platform that can be extended to other antiviral drugs with the aim of improving present drug delivery systems for future need.

Data Availability Statement {#s5}
===========================

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.

Ethics Statement {#s6}
================

The animal study was reviewed and approved by Pharmacy Research Ethics Committee (PREC) of The Islamia University of Bahawalpur, Pakistan (23-2016/PREC).

Author Contributions {#s7}
====================

MA: supervised the study. NM: carried out all the overall experiment and drafted the manuscript. MM: participated in the design of the study. RT and KB: contributed toward data analysis. IK and QK: revised the manuscript. All authors have read and approved the final manuscript.

Conflict of Interest
--------------------

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors are thankful to Higher Education Commission of Pakistan and Faculty of Pharmacy and Alternative Medicine, The Islamia University, Bahawalpur, Pakistan for providing the funding and support to conduct this research work.

[^1]: Edited by: Yi Cao, Nanjing University, China

[^2]: Reviewed by: Tasuku Nakajima, Hokkaido University, Japan; Qiang Chen, Henan Polytechnic University, China

[^3]: This article was submitted to Polymer Chemistry, a section of the journal Frontiers in Chemistry
